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Abstract 
The advantage of tripping boundary layer turbulence around bluff bodies in order to reduce the aerodynamic drag and 
stabilize the flow has been known for many decades and applied in a number of engineering fields. However, its use 
in the sport technology area is quite recent. The first practical application of modeled surfaces used to reduce drag has 
been in golf balls, with the introduction of a dimpled surface. This solution allowed the ball to experience a drag 
value that is nearly half of the drag value of the same ball with a smooth surface. More recently, with the introduction 
of 
Recent published research proved that low drag suits with panels with different types of roughness clearly improve 
 Currently, most of the research carried out on textiles aerodynamics relies on static 
measurements on cylindrical models and limited research considers a possible hysteresis in the drag crisis 
phenomenon for low drag suits applications. The hysteresis phenomenon in the drag crisis is however a well-known 
phenomena and previous authors have been addressing it. In the present work, the instant drag on a cylinder model 
mounted in the wind tunnel and covered with different fabrics has been measured and compared with static 
measurements made on the same model. The experiments were carried out with a sampling frequency of 200Hz using 
an AMTI BP-600400 HF with a natural frequency of 470Hz and thus capable of measuring dynamic forces. Results 
show that a hysteresis process exists and that dynamic measurements could be a good alternative to static 
measurements requiring less testing time and giving more accurate results. 
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1. Introduction 
In short distance sprinting races like the 100 m or 200 m dash, winning and losing can come down to a 
fraction of a second. During these races, most of the power output generated by the athletes is used to 
accelerate and to overcome the aerodynamic drag. As the drag is proportional to the square of the speed, 
its relative importance is negligible for low speeds but it might play a relevant role when the athletes 
reach their maximum speed which lays between 10 m/s and 15 m/s [1]. At the same time the upper and 
lower body limbs, due to their motion during the running phase, experience variable local velocities that 
differ from the average speed of the sprinter leading to possible higher local velocities but also to possible 
hysteresis phenomena in the drag crisis. Focusing then on the aerodynamic drag acting against a runner, 
writing the drag [D] as 2ACD and as the air density  [kg/m3] and the speed U [m/s] are typical 
quantities that depend exclusively on the environment and on the performance, the possible adjustments 
that could be done in order to reduce the drag have to be focused either on the frontal area A [m2] or on 
the non-dimensional drag coefficient CD [-]. The frontal area could be reduced either by modifying the 
running posture or using tight garments.  
However, the present work will not focus on this kind of adjustments that would require a 
biomechanical study of the running technique in order to be efficient. The drag coefficient could be 
modified either by changing the shape of the athlete (or its running posture) or by modifying the surface 
roughness of the athlete itself. The first adjustment suggested is difficult to achieve and, as for the frontal 
area reduction, would require a biomechanical study of the running technique coupled with the 
aerodynamical analysis. The second adjustment could be obtained by using skin suits that are able to 
manipulate the flow around the athlete body by triggering the transition from laminar to turbulent 
boundary layer at low speed leading to the sudden decrease in drag known as drag crisis [2, 3].  
This type of surface modification has been successfully applied to a number of sport competitions by 
performances and potentially reduce the drag [4-9]. The development of these skin suits is often carried 
out using the simplification that the limbs of a human body can be modeled as a series of circular 
cylinders and thus carrying out a large number of wind tunnel preliminary tests on cylindrical models. 
This simplification was first proposed with success by Brownlie [4, 5] and successively used by a number 
of other authors [9-11] who tried to selectively investigate different parameters that might play a major 
role in the drag crisis phenomena: different types of surface roughness, air permeability, fabric stretching 
and fitting, seam positioning, etc. The main advantage of tripping the turbulent flow around bluff bodies 
is that the drag can be reduced and the flow can be stabilized. This type of behavior has been known for 
decades and applied in number of engineering fields. However, its use in sport technology is quite recent.  
The first practical application of modeled surface used to reduce the drag has been in golf balls, with 
the introduction of a dimpled surface. The solution allowed the ball to experience a drag value which is 
nearly half of the drag value of the same ball with a smooth surface. More recently, with the introduction 
of the NIKE swift suit in 2002 [12] the focus of sports companies on low drag skin suits suddenly 
increased. These suits are built with panels with different types of roughness and it has been proven that 
they clearly are able to [6]. Most of the suits previously developed 
were optimized for relatively high-speed sports (speed skating, cycling, etc.). Beside this, most of the 
research carried out relies on static drag force measurements on cylindrical models for discrete increasing 
wind speeds and currently no research have been carried with dynamic drag measurements to evaluate the 
effect of speed variation with time.   
The present work aims to investigate the possible effects of a dynamic incoming wind flow on the drag 
by carrying out dynamic measurements. Dynamic drag measurements are important in sports 
aerodynamics since in most athletes seldom assumes a static posture and the speed of the limbs are 
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constantly varying. This behavior is particularly pronounced in sports where the legs are used in the 
propulsive phase (speed skating, running, cycling, etc.). Furthermore, a hysteresis loop in the drag crisis 
process for flow around cylinders was previously found by a number of authors [13, 14] and it might play 
a relevant role in the overall drag reduction process.  
2. Experimental setup 
2.1. Wind tunnel 
Drag measurements were performed in the small scale wind tunnel at the department of energy and 
process engineering at NTNU. The test section of the wind tunnel is 2.00 m long, 0.72 m high and 1.01 m 
wide. The wind tunnel is equipped with a 45 KW fan and the maximum reachable speed is ca. 40m/s. 
2.2. Drag measurement 
In order to understand how the different textiles with modified under layer affect the aerodynamics of 
a cylindrical model, drag force measurements where performed to obtain a relation between drag 
coefficient (CD) and Reynolds number (Re). The drag force component was measured by a six component 
force plate AMTI BP600400HF which has a natural frequency of 470 Hz. The force plate was positioned 
under the test section of the wind tunnel. A Pitot static probe was used to measure the free-stream velocity 
and was placed in the flow with the axis parallel to the flow. The probe was connected to a pressure 
transducer and the acquired voltage output from the force plate and pressure transducer was logged by a 
LabView based logging program. The cylindrical model was vertically mounted in the wind tunnel and 
connected to the force plate by a steel support.  
3. Methods 
3.1. Surface structure 
The cylindrical model used for the experiments is made of PVC and has a diameter of 11 cm, length of 
40 cm and consequently a frontal area of 440 cm2. Three different fabrics with different surface structure 
and increasing roughness level were mounted on the surface. T1 has a dimpled surface and it is a 
permeable fabric. T2 is a smooth knitted fabric used in luge suits where the suits are allowed to be 
impermeable. T3 is a smooth polyurethane coated fabric with no permeability. 
Table 1. Fabrics properties 
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3.2. Dynamic and static drag measurements 
     Both static and dynamic measurements were performed in order to investigate if there is a remarkable 
difference between dynamic and static measurements and also to determine if a hysteresis loop related to 
the behaviour of laminar boundary layer separation exists.  The static measurements where performed 
with discretely increasing wind speed, ranging from 0 to 40 m/s. Measurements were performed at a 
sampling frequency of 1000 Hz and a sample time of 40 seconds, which gives a total of 40 000 samples 
per measurements.  The time varying dynamic measurements were conducted by first increasing the wind 
speed to the maximum and successively decreasing the speed to zero. Time series were logged at a 
sampling frequency of 200 Hz.  To investigate how the flow acceleration might affect the drag crisis, four 
different speed gradients on the same surface roughness were used. The different speed gradients were 
conducted for the same speed range 0 - 45 m/s but with four different accelerations. In the results the 
increasing and decreasing speed is is denoted in 
the results as G1, G2, G3 and G4, where G1 represents the time series which has the lowest sampling 
time (and thus the highest acceleration) and G4 the highest sample time (and thus the lowest 
acceleration). The time series with the highest acceleration G1 was used in all other dynamic 
measurements. Data was filtered using a Fast Fourier transform (FFT) filter which transforms a signal 
from the time domain to frequency domain. High frequency noise was removed with a low-pass FFT 
filter with a cut-off frequency of 10 Hz. 
4. Results and discussion 
4.1. Dynamic measurement vs. static measurements 
In this section the dynamic results are represented with both increasing decreasing Reynolds 
number e reliability of the dynamic measurements 
versus a previously verified method. Uncertainties in the dynamic measurement at low Re are present due 
to the high relative error when computing the drag coefficient. The results plotted in Fig 1 are presented 
in Reynolds range 4.5×104  3.5×105. All the plots show that there is no significant difference between 
static and dynamic measurements. The only visible difference is in the critical regime where a hysteretic 
loop appears in the dynamic measurements and this is clearly visible in Fig 1(a) and Fig 1(b). 
 
 
Fig 1. CD- Re curve for dynamic vs. static for the fabrics; (a) T1; (b) T2; (c) T3 
The hysteretic loop appears to be more pronounced for T2 than for T1 leading to the assumption that 
smoother fabrics might be more sensitive to hysteresis. The wind tunnel speed was not sufficient in order 
to be able to show the drag crisis for the fabric T3. Two asymmetrical transition drops are visible in Fig. 
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2(b) and they have been previously shown and discussed in the literature. In this particular case the 
transition in the boundary layer occurs first on one side of the cylinder, (single bubble) and then at a 
higher Reynolds number on the other side of the cylinder (two bubbles). These studies also confirmed that 
the hysteresis phenomena are related to the behaviour of the laminar boundary layer separation and 
transition on the cylinder [13-15].  
4.2. Different accelerations 
Even if most of the tests carried out in literature are carried out with static measurements, it happens 
very seldom that athletes experience a steady state flow with constant speed. In this section results 
relative to how accelerations are able to affect the drag crisis process and the drag crisis hysteresis are 
presented and explained. The measurements were conducted for the same speed range 0 - 45 m/s on a 
single surface structure configuration with four different accelerations ranging from G1 (3m/s²) to G4 
(0.5m/s²) for both increasing and decreasing speed and the results are plotted in Figure 2(a) and 2(b). In 
Figure 2(a) the drag for the four different loading histories is plotted versus the Reynolds number. It can 
be immediately seen that an hysteretic cycle exist in the Reynolds number range between 1.6x105 
(ca.21m/s for the model tested) and 2x105 (ca. 26m/s for the model tested) verifying the results presented 
by Schewe [13, 14].  
It can also be noticed that the drag crisis is split in two confirming the theory of Wieselsberger first 
[16] which mentioned that a break in the symmetry with two discontinuous transitions can be often seen 
during the transitional phase. This is due to the different behavior of the two sides of the cylinder where 
transition occurs separately. Schewe and Zdravkovich separately [13, 14, 17, 18] explained this behavior 
saying that the transition from laminar to turbulent flow in the bundary layer occurs first on one side of 
the cylinder  
The asymmetric single bubble regime comes to an end at higher Reynolds numbers with yet another 
discontinuos fall in drag coefficient, CD when a secound bubble is formed on the other side of the cylinder 
(two bubble regime). The symmetric two-bubble regime occurs in the supercritical regime and represents 
a complicated combination of laminar separation, transition, reattachment and turbulent separation of the 
boundary layers on both sides of the cylinder. This discontinuous jumps between invidual states can be 
interpreted as subcritical bifurcations and it is well represented in Fig. 2(c) which is relative to a different 
surface roughness.  
A zoom in on the transitional region (Fig. 2(b)) shows that different accelerations are able to either 
increase or reduce the size of the hysteretic loop. Higher accelerations increase the size of the cycle while 
low accelerations reduce it. Presumably if the acceleration was reduced even more at some point the 
hysteresis phenomena in the drag crisis process is eliminated and this explains why static measurements 
can be seen as the dependence of a system its past environment and conditions. Higher velocities cause 
higher turbulence in the boundary layer which are still present in the flow when the velocity decreases 
leading to a lower Recrit for decreasing velocities than for increasing velocities.  
the hysteresis process is closely related to the behavior of the laminar boundary layer separation and 
transition and that the ability of the flow to remember its past history is responsible for the hysteretic 
behavior [19]. 
possible to analyze and plot using static measurements. 
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Fig. 2. (a) Different accelerations, Drag - Re curve for four different speed gradients for the fabric T3 with a special base layer; (b) 
(c) 
5. Conclusion  
From the results of this study we can draw the main conclusion that dynamic measurements can be an 
efficient way to measure the drag on a cylindrical model. They proved to be precise for higher speed with 
the ability to catch the double bubble transition and hysteresis phenomena, but imprecise for low speed 
due to the high relative error in the drag coefficient computation. However, drag measurements at low 
speed on small models might not be relevant for garment aerodynamics. Hysteresis phenomena and dual 
bubble drag crisis were found in the experiments carried out matching the results present in the literature. 
A higher speed gradient seems to lead to a larger hysteresis cycle with a large difference between the 
critical Re for increasing and decreasing speed. Rougher fabrics are able to reduce both the dual bubble 
drag crisis and the hysteresis process. 
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